Myosin, the major protein of the myofibril, consists of two heavy chains with a molecular weight (MW) of 200,000, complexed with four light chains of MW 17,000 to 21,000. Both the heavy and light chains exhibit polymorphisms that are tissue-specific and developmental stagespecific. Myosin heavy chains and light chains appear to be represented in the genome as multigene families in various species, including chickens, cattle, humans, rats, rabbits and nematodes. Myosin heavy-chain proteins have a high amino acid sequence homology among isoforms, and the genes for each isoform likewise exhibit a high degree of nucleotide sequence conservation. The myosin heavy-chain genes have a complex structure and contain up to 65% intervening sequence composed of up to 20 or more individual introns. Partial sequence data, transcriptional orientation and tissue of expression have been determined for several myosin heavy-chain genes. The use of recombinant DNA and associated techniques will eventually yield definitive information on the control of expression of each individual gene, as well as factors that regulate expression of closely related isoforms.
Introduction
Enhancing the deposition of myofihrillar proteins in skeletal muscle of meat animals is a primary goal of meat animal science. The proteins composing the myofibril make up more than one-half the proteins in muscle tissue; however, the identity and regulation of the molecular activities on the chromosome that permit RNA polymerase to initiate transcription of tissue-specific sequences such as the myofibrillar protein genes are unknown. Additionally, such factors as prolonged exercise, normal growth, denervation, inactivity, injury, certain neuromuscular diseases and prolonged weightlessness result in changes in the quantity of myofibrillar proteins in muscle tissue. It seems probable that an identical set of intracell1This effort was supported in part by a research grant from NIH (AMO1095).
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Dept. of Biol. Sci. Received October 2, 1985 . Accepted February 11, 1986 259 ular signals controls the changes observed in all these diverse processes, and a clear understanding of the signalling mechanism and the way in which it modulates expression of the myofibrillar protein genes would likely have a positive influence on meat animal production. Basic research on myofibrillar gene structure has not yet been directed toward large farm animals to a great extent, and we hope that this review of myosin gene structure and function will encourage new cooperative efforts among animal scientists and molecular biologists and that this cooperation will uhimately lead to improvements in meat animal production.
Heterogeneity of Myosin Isoenzymes
During muscle development, mononucleate myoblasts fuse to form muhinucleate myotubes. The process is accompanied by the accumulation of myofibrillar protein mRNA in the cytoplasm (Devlin and Emerson, 1979; Affara et al., 1980; Bernstein and Donady, 1980) . The major proteins coded by these mRNA make up the contractile apparatus and include myosin heavy chain (MHC), myosin light chain (MLC), actin, tropomyosin subunits, troponin subunits and a number of other proteins involved directly or indirectly in the contractile process. Myosin is the major protein by weight in the contractile apparatus and is composed of two heavy chains (molecular weight = 200,000), two phosphorylatable light chains and two nonphosphorylatable light chains (molecular weight = 16,000 to 27,000; Sivaramakrishnan and Burke, 1982) .
Different myosin isoenzymes are found in red skeletal muscle, white skeletal muscle (Gauthier and Lowey, 1979; Zweig, 1981; Gauthier et al., 1982) , cardiac muscle (Sartore et al., 1981; Clark et al., 1982) , smooth muscle and various non-muscle tissues (Chiet al., 1975) . In general, white skeletal muscles contract faster and have a higher myosin ATPase activity than red skeletal muscles, and myosin extracted from these two types of muscle is termed "fast" or "slow" myosin, respectively. Each myosin type contains two different classes of light chains (Lowey and Risby, 1971; Weeds and Pope, 1971) , and the pattern of myosin light-chain expression changes with development.
Embryonic skeletal muscle contains both fast-type and slow-type light chains; however, the fast-type predominates in the embryonic muscle regardless of the muscle type the embryonic tissue is destined to become in the adult. For example, a distinct separate "embryonic" light chain has been demonstrated (Whalen et al., 1978; Gauthier et al., 1982) , and approximately 10% of the light chains in embryonic chicken pectoralis muscle (which is a fast-white muscle in the adult) are the slowtype (Gauthier et al., 1982) . If the adult muscle is to become a slow muscle, then the fasttype light chain is gradually replaced with the slow light chain (Gauthier et al., 1982) . This switch from fast to slow myosin is likely triggered by neuronal contact (Rubenstein et al., 1977; Rubenstein and Kelly, 1978) and is a gradual process, since immunocytochemical data have suggested that all fibers react with both anti-slow and anti-fast myosin during development (Gauthier et al., 1982) . This information, coupled with the fact that antibodies specific for slow heavy chains react with all fibers, led Gauthier et al. (1982) to conclude that during early development in the chick and rat, myosin consists of a population of isoenzymes in which the heavy chain can be associated with a fast, slow or embryonic light chain. Embryonic myosin heavy chain also has been shown to be distinct from adult fast or slow myosin (Rushbrook and Stracher, 1979; Whalen et al., 1979) . The structure of myosin heavy chains from several different white muscles of adult rabbits has also been analyzed (Zweig, 1981) and two closely related isoforms of heavy chain that vary in a muscle-specific manner are expressed. One of them is preferentially expressed in the extensor digitorum longus muscle, while the other is preferentially expressed in the semitendinosus muscle. Other muscles in the rabbit contained the two isozymes in approximately equal quantities (Zweig, 1981) . Fine structure mapping of myosin fragments showed that the two isoenzymes differed in a number of positions along the myosin heavy chain (Zweig, 1981) . Collectively, evidence makes it clear that numerous protein isoforms of myosin are present in both embryonic and adult skeletal muscle.
In cardiac muscle, three myosin isoenzymes have been identified (V1, V2 and V3) in the ventricles of several species (Lompre et al., 1981; Clark et al., 1982) . These myosins are composed of two distinct MHC, referred to as t~ and /3. V1 and V3 are composed of as and/3/~ homodimers, respectively, while V2 is an a3 heterodimer . These two MHC differ in peptide maps , enzymatic activity (Lompre et al., 1981) , immunological properties and cDNA sequence (Sinha et al., 1982; Kavinsky et al., 1984) . The quantities of a and 3 heavy chains expressed in the ventricle depend on the age of the animal (Lompre et al., 1981 (Lompre et al., , 1984 Chizzonite et al., 1982) . In the rabbit, it has been shown that a heavy chain accumulates from approximately 20% of fetal ventricular heavy chain to 50% at 2 d after birth. Between 4 and 12 wk the amount of tz heavy chain diminishes from 50 to 10 to 20% of the total. As the rabbit continues to age, the amount of 0t heavy chain decreases until it is less than 10% of the total ventricular heavy chain at 1 yr . This general pattern has been substantiated in a number of other species (Lompre et al., 1981) . The V3 form of myosin was found to be predominant in the fetus of all species studied, and V1 began to appear at or near birth. In 1-wk-old animals, 78% of mouse and 60% of rat cardiac myosin was the V1 form. In 5-d-old pigs and 3-and 10-d old rabbits, 25, 40 and 50%, respectively, of the total isoenzymatic forms was represented by V1. In rabbit and pig, V3 became the predominant form in adult life, but V1 remained predominant in mice and rats. V2 and V3 reappeared in older rats, but not in mice (Lompre et al., 1981) .
It is apparent that numerous myosin isoenzymes are present, and that a high degree of control is exerted over which isoforms of both the myosin heavy chain and light chains are expressed. Early studies were directed toward determining the origin of the many different myosin isoforms because it was necessary to know first whether each isoform of the heavy chain and of the light chain was encoded by a unique gene, or whether processing phenomena were responsible for converting the product of a single gene into the many different isoforms. Numerous investigations over the last several years have illustrated that multiple genes for myosin heavy-chain are present in most instances. Multiple heavy-chain genes have been identified and characterized in human skeletal (Leinwand et al., 1983b) , rabbit cardiac (Friedman et al., 1984) , rat skeletal (Nguyen et al., 1982; Wydro et al., 1983; Periasamy et al., 1984) , chicken skeletal muscle (Umeda et al., 1981 Jakowlew et al., 1982; Robbins et al., 1982; Kavinsky et al., 1983) and bovine (H. E. Richter and R. B. Young, unpublished data). However, only a single myosin heavy-chain gene has been observed in Drosophila (Bernstein et al., 1983) . Thus, myosin heavy chain is now known to be encoded by a large multigene family in many, but not all, organisms. The next logical step is to examine the structure of the different MHC genes and their arrangement within the genome.
Cloning of Myosin Heavy-Chain Genes
Myosin heavy-chain gene structure can be studied by several approaches. One approach is to prepare myosin heavy-chain mRNA by successive sucrose gradient centrifugations and oligo (dT)-cellulose chromatography of poly(A)-containing RNA (Arnold and Siddiqui, 1979; Umeda et al., 1981; Robbins et al., 1982) . This partially purified mRNA is then used as a template for the synthesis of complementary DNA (eDNA) using reverse transcriptase (Medford et al., 1980; Freyer and Robbins, 1983 ). The cDNA obtained can then be cloned to isolate the sequences specific for MHC and used for further studies. Myosin heavy-chain mRNA are 5,000 to 7,000 nucleotides in length (Medford et al., 1980; Hastings and Emerson, 1982; Robbins et al., 1982; Mahdavi et al., 1982; Sinha et al., 1982) . This method has some limitations because the size of these mRNA molecules makes them susceptible to cleavage by nucleases and also makes them poor templates for synthesis of full length reverse transcripts. The second major method involves screening a genomic DNA library with a myosin heavy-chain cDNA probe. The probe need not necessarily be prepared using mRNA from the same species that was used to construct the library, as long as sufficient hybridization between the two is observed (Bernstein et al., 1983; Leinwand et al., 1983b; Wydro et al., 1983b; Friedman et al., 1984; Periasamy et al., 1984) . The genomic DNA is frequently cloned into a bacteriophage (e.g., lambda) to construct the library. The library is then screened for MHC sequence using a radioactively labeled probe specific for MHC. After several rounds of screening and isolation of bacteriophage plaques, clones that contain portions of the genome coding for MHC are identified. These segments of genomic DNA may be fragments of separate genes or of the same gene. As of this writing, gene libraries from chicken (Robbins et al., 1982; Barringer, 1983) , bovine (H. E. Richter and R. B. Young, unpublished data), rat (Wydro et al., 1983; Mahdavi et al., 1984) , rabbit (Friedman et al., 1984) and human (Leinwand et al., 1983b) have been screened for MHC gene sequences.
Regardless of the method used to isolate MHC clones, the next step is to produce restriction enzyme maps for each clone chosen for characterization. This is accomplished by digesting DNA purified from each of the clones with several different restriction endonucleases, performing both single and double digests, and sepai'ating the resulting DNA fragments by electrophoresis. The sizes of the DNA fragments are calculated and the relative location of the restriction sites is deduced from comparison of the single-and double-digest patterns. The restriction maps can then be used to assess whether each isolated clone is unique, is a duplicate of another clone, or contains a portion of the genome which overlaps that contained in a separate clone. The information obtained from the restriction maps also is used for identifying small fragments of the gene that could be subcloned for further analysis, for establishing strategies to be employed for DNA sequencing or for comparison of restriction patterns with MHC genes isolated from other species or in other laboratories. For instance, Umeda et al. (1983) used a cDNA clone of embryonic chick MHC mRNA to isolate 30 other cDNA clones. The four clones having the largest inserts ranged in size from 1,460 to 1,950 base pairs (bp). Three clones had identical overlapping regions on their restriction maps and thus probably represented the same MHC mRNA. The fourth clone had altered restriction sites, but was very similar to the others (having 11 of 15 sites identical). It most likely represented a second, closely related isoform of MHC mRNA. Robbins et al. (1982) have isolated 40 genomic clones from a dystrophic chick DNA library and selected 12 for further study. These clones ranged in size from 13.5 to 18.0 kilobase pairs (kbp). From the restriction maps it was determined that two of the clones were duplicates. Two others appeared to be identical, except they were inserted at opposite orientations in the interior of the bacteriophage. In one other case, two clones appeared to be identical, except that one of them contained an additional 570 bp more than the other. In essence, the restriction maps showed that even if the clones were grouped by homology of restriction mapping pattern, at least seven distinct MHC genes were represented. Similarly, Sinha et al. (1982) isolated two myosin DNA clones from thyro.toxic rabbit hearts. Comparison of restriction maps revealed considerable homology in regions of overlap, but 3 of 12 total restriction sites were different. A later study (Kavinsky et al., 1984) showed that these same two clones differed in only 2 of 24 hexanucleotide restriction endonuclease sites. This indicated that two different, but closely related, mRNA sequences representing a and ~3 myosin heavy-chain genes were present. Friedman et al. (1984) used the clone specific for/3 myosin heavy-chain gene as a probe for screening a rabbit genomic DNA library. Seven strongly hybridizing clones ranging in size from 15 to 20 kbp were chosen for further study. The restriction maps of these clones indicated that the left-terminal region of one rabbit MHC clone overlapped the right-terminal end of another. Additionally, two other clones were similar and were suggested to represent allelic variants of the same gene. The other five genomic clones, however, were significantly different and probably represented different MHC genes.
Four cDNA clones representing cardiac myosin heavy-chain genes in the rat have also been characterized (Mahdavi et al., 1982) . Upon comparing their restriction maps, Mahdavi et al. (1982) concluded that the four clones could be divided into two classes. Mahdavi et al. (1984) have further investigated the genomic organization of the cardiac and/3 MHC genes and found they are organized in tandem. Eight overlapping genomic fragments of the genes coding for cardiac MHC mRNA were isolated by "walking" along the chromosome. This procedure involves successive hybridizations between overlapping clones. By then aligning the fragments it was found that they covered a 50-kilobase (kb) segment of the genome containing the cardiac a and/3 MHC genes, with the 3' end of one gene being approximately 4 kb from the 5' end of the other. This clustered arrangement of the cardiac MHC genes is similar to that of other developmentally regulated multigene families such as the /3-globin family (Breathnach and Chambon, 1981) . This finding is of great interest because the 0t and/3 MHC isoforms display an opposite pattern of expression in response to thyroid hormone (Lompre et al., 1984) . The regulation may involve DNA sequences located on the 5' side of the gene and would presumably be contained within these clones.
Four human MHC clones have also been isolated by screening a human genomic DNA library using rat MHC cDNA probes (Leinwand et al., 1983b) . The sizes of the cloned human DNA segments were 18.1, 15.8, 17.6 and 18.4 kbp. It is clear from the restriction maps that each clone is unique and non-overlapping. The human MHC genes were shown to have far more repetitive sequences in multiple positions than those observed in four rat MHC genes studied. These MHC clones may thus be useful for studies of gene evolution and repetitive sequence transposition.
Screening of a chicken genomic library using a cDNA clone from the 3' end of a quail MHC gene (Barringer et al., 1982) resulted in identification of 17 recomhinants containing MHC coding sequences. Partial restriction maps for these seventeen clones are shown in figure 1 (Moriarity et al., 1984; D. M. Moriarity, unpublished data) . Hybridization with a 3' endspecific probe was used to locate the 3' end of each of the MHC genes. Hybridization with labeled cDNA made from chick embryonic muscle polysomal RNA (using calf thymus DNA as a random primer) also was carried out to aid in determining the direction of transcription of the MHC genes in the inserts. Two pairs of clones were found to have identical restriction maps. MHC 14cl appears to be identical to MHC 15b2, and MHC 4bl appears to be identical to MHC 6c2 (figure 1). In addition, MHC 19al appears to overlap clones 14cl/15b2 at the 3' end; however, MHC 19al contains more of the 3' flanking region of the DNA. It therefore appears that 14 different nonoverlapping MHC genes (or pseudogenes) are represented by these clones. Three of the clones did not hybridize to the cDNA probe well enough to determine transcriptional orientation. For MHC 17e2 this could be because the 3' end of the gene is at one end of the insert, and the remainder of the insert is 3' nontranscribed flanking region which would not be expected to hybridize to the cDNA probe. The reason for the lack of hybridization with MHC 8bl and 13cl, however, is not clear.
Comparison of the restriction sites near the 3' ends of each of the clones allows some very general grouping of the cones into four types. The two clones in group I (lal and 18al) have identical spacing of the Hind III sites at the 3t end of the gene and have two Eco RI sites in nearly the same positions in this region. These two clones also lack sites for Xho I and Sma I. The clones in group II (2b2, 6al, 16a2) all exhibit a similar pattern of Hind III sites and Xho I sites in the 3' region of the gene. All three of these clones show multiple sites for Solid areas of the inserts hybridized with eDNA templated by embryonic chick leg muscle polyadenylated RNA, Hatched areas hybridized with the cC128 probe and open areas showed no hybridization with either probe. In the pair of identical clones (4bl and 6c2), two Hind III sites that produce fragments of 4,8, 1,3 and .6 kb are located in the bracketed region. These sites could not be precisely located because none of the other enzymes used had a site in this region, The scale of the maps is shown at the top of the figure. Clones 8bl, 13cl and 17e2 showed no discernible hybridization with the eDNA probe.
Xho l and Sma l enzymes. Group Ill (6bl, 14cl, 15b2, 19al) Expression of the coding sequences contained in each of the recombinant clones shown in figure 1 has been analyzed by filter hybridization against cDNA preparations from various embryonic and adult chicken tissues (Barringer, 1983; Moriarity et al., 1984; D. M. Moriarity, unpublished data) . All clones appear to be expressed, or are related to sequences being expressed, in skeletal muscle of either embryonic or adult origin since all of them exhibited some level of hybridization with those cDNA. It also was apparent that many of the clones that hybridized to embryonic muscle sequences also hybridized quite well to adult breast muscle sequences. Three clones (6bl, lal and 13cl) appear to be quite specific for the embryonic myosin isoform. Two of the clones, MHC 15c2 and 18cl, were unusual in that they showed a high degree of hybridization with cDNA templated by brain RNA. Each of these clones also hybridized rather well to adult thigh and breast cDNA, and 15c2 also hybridized marginally with cardiac and gizzard cDNA. The restriction map of MHC 15c2 shown in figure 1 indicates that a large portion of the insert in this clone is 3' flanking DNA at the end of the MHC gene. It is possible that repeated, non-specific DNA sequences are present in this region, which result in hybridization to any cDNA used. However, because this clone did not hybridize at all to the embryonic cDNA, it also is possible that this insert contains the 5' end of another gene that is adult-specific, or that it is a gene for another MHC isoform that is located in tandem with the gene that hybridized to the 3' endspecific probe. None of the clones showed significant hybridization to gizzard cDNA, indicating that smooth muscle MHC genes are probably not represented in these clones.
Homology among MHC isoforms genes also has been observed in a variety of other hybridization studies (Umeda et al., 1981; Nguyen et al., 1982; Robbins et al., 1982; Freyer and Robbins, 1983; Leinwand et al., 1983b; Wydro et al., 1983) . For example, clone pCM2 isolated from embryonic chicken leg muscle (Freyer and Robbins, 1983) hybridized to RNA isolated from embryonic heart, breast and leg, as well as from adult breast. To examine the extent of these homologies, thermal stability studies were conducted by determining the melting temperature (Tin) of each pCM2-RNA hybrid. The embryonic MHC clone had the least homology (lowest Tm) with embryonic cardiac muscle RNA, greater homology with embryonic leg muscle RNA and greatest homology (highest Tin) with RNA derived from embryonic or adult breast muscle (Freyer and Robbins, 1983) . Because the breast muscle contains mostly fast-white MHC isoform, this suggested that pCM2 coded for this isoform. In a related study (Robbins et al., 1982) , some of the chicken genomic clones coding for muscle MHC were used to examine specific MHC mRNA at different stages of development and in different tissues (i.e., chick leg, breast, and brain). The leg muscle should contain predominantly slow-red MHC mRNA, the breast should contain mostly fast-white mRNA, and the brain should contain non-muscle MHC mRNA. An intense hybridization band was noted in the breast RNA preparation corresponding to a 6,800-base RNA, and Robbins et al. (Robbins et al., 1982) tentatively identified this 6,800-base RNA as coding for the fast-white MHC isoform. In the leg muscle RNA preparation, a band of RNA at 5,600 to 5,800 bases hybridized most intensely, and was tentatively identitifed as coding for slow red MHC Isoform. When 13<1 rather than 16<1 leg muscles were examined, the quantity of the 5,600-to 5,800-base RNA band was reduced in comparison to the 6,800-base mRNA band. Obviously, the various MHC mRNA are modulated in a tissuespecific and a developmental stage-specific manner (Robbins et al., 1982) . It also is interesting that individual isoforms of MHC mRNA appear to vary significantly in size. In other studies, pMHC25, a plasmid-containing rat muscle MHC cDNA has been found to hybridize to all striated MHC mRNA tested within the same species or across species, ranging from nematodes to humans (Nguyen et al., 1982) . It did not hybridize, however, to smooth muscle or non-muscle MHC mRNA. These data demonstrate that there is strong homology among the sarcomeric MHC, but less homology between sarcomeric and non-sarcomeric MHC mRNA. This is different from the case of actin genes where muscle and non-muscle actin are closely related (Freyer and Robbins, 1983) . Although there is a great deal of sequence homology among the sarcomeric MHC gense this evolutionary conservation of the MHC sequences is not uniformly found throughout the entire native gene. Introns and the 3' non-translated portion have evolved at a higher rate than coding portions of the gene (Mahdavi et al., 1982; Wydro et al., 1983) . Moreover, regions of highly homologous sequence within the coding portions are interspersed with less highly conserved regions (Mahdavi et al., 1982; Sinha et al., 1982; Wydro et al., 1983) .
Sequence Analysis of Myosin Heavy-Chain Genes
It is clear from the previous discussion of MHC clones that the MHC gene family is large and complex in almost all species studied. Many MHC clones are very similar in their restriction maps (Umeda et al., 1981; Mahdavi et al., 1981; Robbins et al., 1982) , indicatingthat they may share regions of conserved coding sequences. Nucleotide sequences for many of the eDNA clones isolated to date have been determined. Almost all have been found to code for variable-sized portions of the COOH-terminal amino acids, the complete non-translated 3' end, and portions of the poly(A)-tail (Jakowlew et al., 1982; Mahdavi et al., 1982; Freyer and Robbins, 1983; Kavinsky et al., 1983; Wydro et al., 1983; Periasamy et al., 1984) .
Analysis of nucleotide sequence data obtained from eDNA and genomic MHC clones has led to additional insights into MHC gene structure and organization. For instance, Kavinsky et al. (1983) sequenced two eDNA clones, one of which contained 1,520 nucleotides. Of these, 1,319 coded for the COOHterminal 439 amino acids of the MHC, and 143 made up the 3' non-translated region. The presence of a 58-nucleotide poly(A)-sequence indicated that the entire 3' non-translated sequence had been included in the clone. The translated regions of the clones were purine-rich (64%), having almost equal amounts of G and A residues. The non-translated regions downstream from the TAG termination codon were found to be rich in A and T (71%). The AATAAA sequence (a sequence commonly found in higher eucaryotes 11 to 30 nucleotides upstream from the site of poly adenylation of the mRNA) in the 3' non-translated region was 21 nucleotides upstream from the poly(A)-tail . Sequence analysis by Mahdavi et al. (1982) showed that their four clones collectively contained the sequence of 430 COOH-terminal amino acids, the complete nontranslated 3'-end of the poly(A)-tail of the MHC mRNA. Two of these clones contained the termination of codon UAA, and the AATAAA sequence was found 10 nucleotides upstream of the poly(A)-tail. In another clone, the termination codon was UAG and the AATAAA sequence was 18 nucleotides upstream of the poly(A)-tract, indicating some heterogeneity in the polyadenylation site. Their sequence data demonstrated that these four eDNA close represented the transcription products of two different MHC genes that were 95% homologous in the coding region but that were clearly distinct in their 3' untranslated regions.
From further analysis of nucleotide sequences and resulting amino acid sequences, and from hybridization studies, extensive sequence conservation among MHC isoforms and across species has been reported. For example, Mahdavi et al., (1982) have isolated two rat cardiac clones representing two distinct cardiac genes; these genes were divergent in their non-translated regions. Comparison of two of the MHC mRNA coding sequences revealed long stretches of homology interrupted by single nucleotide changes that occurred at 25 to 100 base intervals. From nucleotides 663 to 1,050, for example, there were only two base substitutions. In contrast to these high levels of homology, these two rat ventricular MHC eDNA were strikingly different in two areas, with 30% base mismatch from nucleotide 360 to 433 and complete divergence from nucleotide 1,260 to the end demonstrating the presence of 3' end divergence between the genes. Similarly, the two chick embryonic myosin heavy-chain eDNA sequences reported by Kavinsky et al., (1983) were found to have 89% sequence homology within the translated regions. The non-translated regions showed an extensive sequence divergence of 45%. Strangely, a comparison of the non-translated region in a chick eDNA clone with that of a quail eDNA clone representing an embryonic skeletal muscle MHC mRNA (Hastings and Emerson, 1982) showed only 13% divergence in these areas. The two were even more homologous in the translated regions, with only nine mismatches over 153 nucleotide sequences. This likely indicates that the two genes encode the same MHC isoform in the chicken and quail. Conversely, when rat cardiac ventricular MHC nucleotide sequence was compared with the quail and chicken skeletal muscle clones, substantial divergence in both translated and nontranslated regions was observed among the different isoform genes (Mahdavi et al., 1982) .
As anticipated from the previous discussion of nucleotide sequence of MHC clones, comparisons of amino acid sequences among various species also have revealed strong interspecies conservation. For example, when chick embryonic MHC was compared with MHC from adult rabbit, fast-skeletal muscle, 87% amino acid sequence homology was observed . When the chick MHC amino acid sequence was aligned with the derived amino acid sequence for the soil nematode, Caenorhabditis elegans (MacLachlan and Karn, 1982) , 50% homology was observed . Comparison of rabbit MHC with rat ventricular MHC amino acid sequence and nematode amino acid sequence showed 77 and 47% homology, respectively . Of the 21 amino acids of chick MHC studied by Freyer and Robbins (1983) , 19 were identical with the corresponding sequence of rabbit MHC. The two differences, which included a change of Met to Leu and from Glu to Asp, were due to single base changes and were obviously conservative changes. Similar degrees of sequence conservation have been reported for cardiac and fast-skeletal muscle in the rabbit (Sinha et al., 1982) . Related data (Kavinsky et al., 1984) also suggest that skeletal and cardiac genes diverged from a common ancestral gene before the two ventricular MHC genes diverged. Divergence among the last few carboxyl terminal amino acids encoded by various MHC clones is not uncommon (Mahdavi et al., 1982; Periasamy, 1984) . Moreover, this divergence makes the 3' end-specific sequences convenient as probes for isolating and identifying specific genes and for studying their expression.
MHC genes have been found to contain a large number of intervening sequences (Friedman et al,, 1984; Wydro et al., 1983) . R-loop analysis of embryonic and adult rat skeletal muscle MHC genomic clones showed a minimum of 18 loops in one and 11 loops in the other, each loop representing an intron. The exons were rather small, with an average length of approximately 200 bp. This study also revealed that exons account for about 65% of the full length of MHC mRNA (Wydro et al., 1983) . Another report has indicated as much as 76% of the cardiac MHC genes may be composed of introns . In the rat embryonic skeletal muscle MHC genes, the introns vary in size from 100 to 1,000 bp and the intron:exon ratio was estimated to be 1.6:1.0. Wydro et al. (1983) speculated that if this ratio was retained throughout the entire sequence, the native embryonic skeletal muscle MHC gene would be approximately 18.5 kbp in length and would contain approximately 30 intervening sequences. In contrast to the two rat skeletal muscle MHC genes discussed above, the unc-54 body wall MHC in caenorhabditis elegans has only seven introns, while the single Drosophila MHC gene has only four (Wydro et al., 1983) . Because the total exon length in the rat adult skeletal muscle MHC clone was found to be 6,400 bp and accounted for approximately 88% of the MHC mRNA, Wydro et al. (1983) concluded that number, size and distribution of exons were not conserved between embryonic and adult skeltal MHC genes.
Hybridization studies (Leinwand et al., 1983a,b) using human and rodent MHC clones have shown that the skeletal muscle MHC genes are clustered on chromosome 11 in the mouse, and three human skeletal muscle MHC genes are located on the short arm of human chromosome 17. However, the mouse ~ cardiac MHC gene has been localized to chromosome 14 (Weydert et al., 1985) . Because the ~ and /3 cardiac MHC genes are arranged in tandem in the rat , it is highly likely that both the 0t and/3 MHC genes are located on chromosome 14 in the mouse. This observed clustering of similar isoforms of MHC genes is of great interest in view of the sequential expression of skeletal and cardiac MHC isoforms during development. Additionally, the evolutionary origin of the multiple MHC isoforms should become evident as more is learned about the chromosomal arrangement of all of the MHC genes. Interestingly, rat MHC genes have been shown to have considerably fewer repetitive sequences than human MHC genes (Leinwand et al., 1983b) , suggesting that large numbers of Alu repeats are a relatively recent evolutionary development. The significance of this difference in the extent of repeated sequences is not presently understood but is of interest since transposition of Alu family members in MHC genes could generate polymorphisms in MHC genes among individuals.
Conclusion
Clearly, the gene family that codes for MHC is very complex. In most species it is multigenic and encodes developmentally regulated and tissue-specific forms of MHC. The exception to this general rule occurs in Drosophila, where MHC is encoded by a single gene. Although its mechanism of expression is still poorly understood, MHC gene expression seems to be modulated by specific hormones (e.g., thyroid hormone), physiological stresses, and direct neuronal contact. Substantial new information is appearing monthly, however, and it should be possible in the forseeable future to present a more focused account of the regulation of individual MHC genes rather than the somewhat fragmentary description of genomic organization and sequence analysis contained in this manuscript. The work described here indicates that the MHC genes are under evolutionary pressure for the conservation of certain sequences that are probably important to the structure of the sarcomere. However, the observed large multigene family for MHC indicates precise structural and(or) kinetic requirements of each muscle type at different developmental stages. To understand the full significance of the MHC multigene family to muscle growth and physiology, more information will be needed about regulation of MHC gene expression and about the structural and biochemical properties of each MHC isozyme. Much work remains before a true understanding will be obtained of the MHC multigene family and its mode of expression in large farm animals.
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